Size-class differences in genetic structure and individual spatial distribution were investigated for Camellia japonica within a 1-ha plot in a Japanese old-growth evergreen forest using microsatellite markers. Three size-classes were considered containing plants that were: 30-32.5 cm tall, 103.8 cm-200 cm tall and those that had a diameter at breast height Ն5 cm, designated JV1, JV2, and ADL, respectively. Each size-class contained 174 individuals. Morisita's index of dispersion indicated clumping of individuals was present within all size-classes, with JV2 displaying the highest level. The clumped distribution of JV1 individuals may be a result
Introduction
Demography describes, and attempts to explain, variations in the size of populations of organisms over time (Sarukhan and Harper, 1973) . The study of plant demographic genetics highlights changes in genetic composition and structure between generations or life stages (Schaal and Levin, 1976; Linhart et al, 1981) . Genetic differences can arise through geographical isolation and most studies of population genetics have documented such spatial genetic variation. In addition to spatial separation, generations or life stages in populations are separated temporally. Such temporal separation may result in differences in genetic composition and structure between them, which in turn can affect the evolutionary potential of a species. Understanding population genetic composition and structure in space and time can be a useful tool in explaining evolutionary forces such as mutation, migration, drift, recombination and selection. Furthermore, it has recently become more common for in situ conservation programs to use information on population genetics, in addition to demographic information, in order to predict the past and the future genetic constitution of a population (Wolf and Sinclair, 1997) . In spite of the importance of demographic genetics, relatively of limited seed dispersal, while that of JV2 may be attributed to heterogenieties of favourable microsites, such as canopy gaps. There were no significant differences in allele frequencies among size-classes. There were, however, some differences in spatial genetic structure among them. Moran's I spatial autocorrelation analysis revealed clear spatial genetic structure in class JV1 probably due to limited seed dispersal. In class JV2, genetic structure was not observed. Overlapping seed shadows, probably in canopy gaps, may lead to blurred genetic structure in JV2. Heredity (2002) 89, 120-126. doi:10.1038/sj.hdy.6800111 few studies have investigated temporal genetic differentiation among plants, especially among forest tree species (Alvarez-Buylla et al, 1996; Kitamura et al, 1997; Aldrich et al, 1998) . This is probably a result of the difficulty associated with obtaining the necessary data. Such studies are usually conducted by comparing genetic diversity between different life stages, in attempts to detect the evolutionary forces responsible for genetic changes through time.
Camellia japonica L. is an evergreen broad-leaved woody species, which is widely distributed in Japan and along the southern and western coast of the Korean Peninsula. Camellia japonica is a sub-canopy tree, which has been recorded frequently in gaps within our study stand (Yamamoto, 1992) . Flowering may occur from October to May but is most common from January to March. No reports of mast flowering and fruiting are known for this species.
Population genetic studies of C. japonica have shown that natural populations of this species maintain higher levels of genetic variability within populations than other woody species (Wendel and Parks, 1985; Chung and Kang, 1996) . In a study of fine-scale genetic structure of a natural population of this species, using a method of spatial autocorrelation, Ueno et al (2000) analyzed genetic structure of individuals with a diameter at breast height (d.b.h.) greater than or equal to 5 cm within a 4-ha study plot. They found low levels of spatial genetic structure and suggested that these were probably due to overlapping seed shadows and high outcrossing rate of the species despite the limited seed dispersal mechanism by gravity, which typically results in high levels of genetic structures. However, they sampled only larger individuals (d.b.h. Ն5 cm), so the genetic structure remains unknown for smaller individuals such as seedlings and saplings.
In this paper, the main objectives were to investigate whether there were differences in genetic structure and spatial distribution of individuals among different sizeclasses within a population of C. japonica in an oldgrowth forest. These data were then used to develop a learer understanding of C. japonica population dynamics.
Materials and methods

Study site and field methods
The study site is in the Tatera Forest Reserve located on the South Island of Tsushima, between the Japanese Archipelago and the Korean Peninsula (Ueno et al, 2000) . The Reserve, protected as a National Natural Monument, has an area of approximately 100 ha and is situated on the north-facing slope of Mt. Tatera. There has been no human interference in the reserve for several centuries, and old-growth evergreen forest is well developed (Ito, 1991) .
A 4-ha permanent plot (200 × 200 m) was set up in the reserve in 1990. Tree censuses were performed in 1990, 1992 and 1997 for all stems with a d.b.h. Ն5 cm. The vegetational features of the plot are detailed in a companion paper . Camellia japonica individuals growing in a central 1-ha core (100 × 100 m) were used in this study. In the plot there were 184 individuals with a d.b.h. Ն5 cm. Genotype data at four microsatellite loci (MSCjaF25, MSCjaF37, MSCjaH38 and MSCjaH46) had already been collected for 174 of these individuals ( Figure  1 ). In this study we used the same spatial coordinates (x, y) and genotype data for the 174 individuals used by Ueno et al (2000) .
In 1999, a census was performed in the core plot for all C. japonica individuals (d.b.h. Ͻ5 cm) in the height range 30 cm to 200 cm. These individuals were mapped and their heights was measured. In total there were 2122 individuals in the core plot (Figure 1 ). Tree heights display an inverse J-shaped distribution showing skewed distribution, indicating demographic equilibrium ( Figure  2 ). During the census, leaf samples were collected, taken to the laboratory and stored at 4°C for subsequent DNA extraction.
Definition of size-classes
For the purpose of demographic analysis, life stages were according to the sizes of individuals. Although classic demographic methods focus on age-structured populations, it was impossible to determine individual tree ages for sub-canopy tree species. For organisms with high levels of phenotypic plasticity such as long-lived plants, demographic and evolutionary analyses are amenable to stage-structured populations (Caswell, 1982) , size-based stages were assumed for convenience.
Individuals with d.b.h. Ն5 cm were designated as ADL, this group comprised 174 individuals. Two other groups were defined within the 2122 individuals. Numbers of plants within each group were equalized to 174. The first group of JV1 comprised the smallest 174 individuals with genetic data, ranging in height from 30 to 32.5
Heredity To provide a context for the size data, five trees under closed canopy near the study plot were aged by counting tree rings. These individuals were 30.6, 31.7, 112.7, 150.4 and 198. 3 cm tall and their ages were 5, 5, 21, 17 and 28 years, respectively.
Heredity DNA extraction and microsatellite genotyping DNA was extracted from JV1 and JV2 individuals, using a FastPrep FP120 instrument (Savant) and CTAB (cetyltrimethylammonium bromide) extraction buffer (Murray and Thompson, 1980) . Fifty to 100 mg of leaf was added to a FastDNA 2 mL tube with a 1/4Љ Ceramic Sphere (BIO 101). A 1/4Љ cylindrical bead (BIO 101) and 1 mL of CTAB extraction buffer were also added to the tube. The mixture was shaken twice in the FastPrep instrument for 40 sec at 4.5 m/sec and then incubated at 60°C for 1 h. The mixture was transferred to a 2 mL microtube and one volume of chloroform-octanol (24:1) was added, and emulsified by inverting and shaking for 5 min. The mixture was centrifuged at 15000 rpm, for 10 min at 25°C, and the aqueous phase was collected. DNA was precipitated by adding 2/3 volume isopropanol and washing once with 70% EtOH. The DNA was vacuumdried and resuspended in 250-750 L of TE. For microsatellite amplification, 1 L DNA was used directly in 10 L of polymerase chain reaction (PCR) mixture. PCR was performed for four loci (MSCjaF25, MSCjaF37, MSCjaH38 and MSCjaH46). The locus characterization, PCR conditions and genotyping procedure are described in detail in Ueno et al (1999) .
Data analysis
Spatial pattern of individuals: Morisita's index of dispersion (I ␦ ) (Morisita, 1959) was used to assess the spatial distribution of C. japonica individuals within each sizeclass. On the basis of N trees present, in a plot of contiguous quadrats of a given size, Morisita's index of dispersion is defined as
where q is the number of quadrats, and x i is the number of individuals in the ith quadrat. The index divided by q corresponds to the unbiased estimate of Simpson's measure of diversity (Simpson, 1949 ). Morisita's index is a random variable. If individuals are randomly distributed over the plot, the expectation of I ␦ equals 1. Values of I ␦ Ͼ 1 indicate patchy distribution and values of I ␦ Ͻ 1 indicate uniform distribution. The limits of the index are 0.0
Each index value was tested with an F-statistic to evaluate whether it deviated significantly from that of a random distribution (Morisita, 1959) .
Genetic diversity: For each locus, allele frequencies and observed heterozygosity (H o ) were determined within each size-class. Expected heterozygosity (H e ), effective number of alleles (N e = 1/(1 − H e )), and fixation index (F = 1 − (H o / H e )) were calculated following Nei (1987) . The number of alleles in common (NAC) (Surles et al, 1990) was also computed for individuals within each size-class. The NAC method computes the average number of alleles in common per polymorphic locus between all individuals within a given size-class (for counting rules, see Surles et al, 1990) .
Homogenieties in allele frequency among three sizeclasses were tested by 2 statistics. A 3 × n 2 contingency table (n = number of alleles; allelic classes were pooled to produce expected values Ͼ5) were made for the comparison.
To estimate the significant deviations from HardyWeinberg proportions for each population and each locus, 1000 permutations of the genotypes were run. Each permutation leads to a new random association of the alleles of the respective population (sampling without replacement). After each permutation, fixation indices were recalculated and compared with the observed values. The relative frequency of those cases leading to less extreme fixation indices than the observed values were assumed to estimate the probability of significant deviation from the Hardy-Weinberg expectation.
Spatial genetic structure: Spatial autocorrelation was used to evaluate the spatial distribution of alleles in the population, using Moran's I coefficients (Moran, 1950) :
where n is the number of individuals sampled, x i is the individual allele frequency of individual i (1 if individual i is homozygous for a given allele, 0.5 if the individual is heterozygous for the allele, and 0 if the individual has no copy of it), x is the mean value of x i for all individuals in the sample, w ij is 1 when the distance between individuals i and j is within the distance class under investigation, and zero otherwise. W is the sum of all w ij values. In this study 10 continuous distance classes, each of 10 m, were considered, from 0-10 m to 90-100 m. Moran's I values were calculated only for alleles with a frequency greater than 5%. An indication of the trends in spatial scale of genetic substructuring was obtained by creating plots (correlograms) of the change between distance classes (Sokal and Oden, 1978) . The overall significance of the trend shown in the correlograms was tested according to Bonferroni criteria (Legendre and Fortin, 1989) . Average Moran's I coefficients were calculated for all alleles as a summary statistic. The average I value was tested against the null hypothesis by the method of randomization. The observed average I was then compared to the randomized empirical distribution. The randomizations were conducted by randomly permuting multilocus genotypes, whilst keeping their locations in the stand constant. These permutations were generated 1000 times and the average I was calculated for each permutation.
Results
Spatial patterns of individuals All JV1, JV2 and ADL samples exhibited a clumped distribution for all quadrat sizes, as demonstrated by Morisita's index of dispersion (Figure 3) . The degree of patchiness varied with quadrat size; I ␦ values for all sizeclasses were highest in the smallest quadrats and decreased as quadrat size increased. JV2 individuals exhibited the most clumping, whilst ADL individuals were the least clumped (Figures 1 and 3) . 
Genetic diversity
Genotypes were produced for four loci. Similar levels of diversity were found in all size-classes (Table 1) . Chisquare values showed that there were no significant heterogenieties in allele frequencies among size-classes in any loci (data not shown).
Most of the fixation index values did not deviate sig- Heredity nificantly from zero, however, the locus MSCjaF37 had a significantly positive fixation index value in JV2 (Table  1) . The mean fixation index for JV2 was also significantly positive.
Spatial genetic structure Spatial autocorrelation analysis was carried out for 20, 22 and 21 alleles in JV1, JV2 and ADL, respectively, yielding 630 separate I values (63 alleles in total × 10 distance classes). Twelve correlograms (60%) for JV1 were significant at the 5% Bonferroni probability level (Table 2 ). In the first distance class, where genetic structures were most easily detected, eleven, two and six of the Moran's I values for JV1, JV2 and ADL, respectively, were significant at the 5% level (Table 2) .
Average I correlograms are shown in Figure 4 along with 95% confidence intervals calculated on the basis of the randomized distribution of the statistics. In JV1, average Moran's I values in the first two distance classes (0-10 m and 10-20 m) showed a significant positive trend, while those in the fifth to seventh distance classes showed a significant negative trend. For JV2, only the first distance class had a significant positive trend. For ADL, significant positive values were found for the first and second distance class and a significant negative value was found for the eighth distance class. The correlograms for JV1 and ADL were significant at the 5% probability level after Bonferroni correction, but not for JV2. The correlograms for JV1 and ADL first crossed the abscissa around the third distance class, while that for JV2 crossed the abscissa around the second distance class. These values indicate the shortest average length of genetic patches if the shape of the patches is irregular (Sokal and Wartenberg, 1983) .
Discussion
Spatial pattern of individuals Camellia japonica individuals exhibited a clumped spatial distribution in all size-classes, as indicated by Morisita's Table 2 Moran's I spatial autocorrelation coefficients for the first distance classes (I 1 ), their significances and significances of the correlograms. Moran's I coefficients were calculated for 20, 22 and 21 alleles in JV1, JV2 and ADL size-class, respectively, whose allele frequencies were greater than 5% in each size-class Levels of significance: *P Ͻ 0.05; **P Ͻ 0.01; and no mark, not significant. #Allele frequencies less than 5%. -= Moran's I coefficients were not calculated for the allele. indices of dispersion (Figure 3 ). The level of clumping was highest in class JV2, followed by JV1 then ADL. The level of clumping among individuals, especially seedlings, within a forest stand may be heavily influenced by seed dispersal patterns (Prentice and Werger, 1985; Sterner et al, 1986) . Seeds of C. japonica are dispersed mainly by gravity and no other agents of dispersal have been identified. We therefore expected that JV1 individuals would exhibit the highest levels of clumping and that subsequent self-thinning would dilute this spatial pattern. However, JV2 individuals were the most clumped. This is probably due to occurrence of microsites, such as canopy gaps, where conditions are favourable for establishment of this species. Microsite heterogeneity in a forest stand is also an important factor in controlling pattern of distribution of individuals (Huenneke and Sharitz, 1986; Taylor and Zisheng, 1988) . If seeds are dispersed to a favourable site for germination and growth, such as a canopy gap, they can germinate and the resulting seedlings can grow to the JV2 stage successfully. It is probable that successful seedlings accumulate within canopy gaps. As a result, JV2 individuals may appear most clumped. After the JV2 stage, self-thinning may become significant. A declining level of clumping is characteristic of thinning populations (Veblen et al, 1981) . Thus, limited seed dispersal is likely to be responsible for the observed clumping of C. japonica individuals in the JV1 class, and favourable microsite heterogeneity is likely to cause increased clumping among JV2 individuals.
Genetic diversity
Camellia japonica in the 1-ha core plot showed high genetic diversity, as is commonly found for microsatellite markers (Table 1) . Low NAC values probably reflect high microsatellite variability. The NAC value can vary from 0 to 2, but it is reported to range typically from 1.25 to 1.75 for allozyme data (Hamrick et al, 1993) . There were no significant differences in allele frequencies among size-classes. This means that genetic composition among size-classes did not differ from each other. In the old-growth forest studied here, demographic equilibrium may be attained, so that there may be little differences in allele frequencies among size-classes.
There were no significant deviations of fixation index from Hardy-Weinburg expectations in size-class JV1 and ADL. Wendel and Parks (1985) used seeds to analyze allozyme variation in 58 Japanese and two Korean natural populations and found no significant heterozygote deficit relative to Hardy-Weinberg proportions in most of the populations. In accordance with the findings of Wendel and Parks (1985) , fixation indices in JV1 and ADL size-classes did not deviate significantly from zero. It has been suggested that pollen flow is extensive in C. japonica Oh et al, 1996; Ueno et al, 2000) , and a high outcrossing rate has been observed (Wendel and Parks, 1985) . These traits may lead to fixation index values close to zero in the size-classes of JV1 and ADL. However, in JV2, significant positive fixation indices were observed at the locus MSCjaF37. The mean fixation index value for JV2 was also significantly positive. In the case of consistency across loci, heterozygote deficiency may be ascribed to a variety of factors including inbreeding and population substructure (Wahlund effect). Because the heterozygote deficiency was detected at only one locus, it was unlikely to be caused by those processes. Instead null alleles or mis-classification of heterozygotes as homozygotes could be present at this locus. In fact, the locus MSCjaF37 showed positive fixation index values for JV1 and ADL size-classes, though they were not significant.
Spatial pattern of individuals and spatial genetic structure Camellia japonica in the 1-ha core plot exhibited demographic changes in both the spatial pattern of individuals and spatial genetic structure (Figures 3 and 4) , though spatial patterns of individuals may confound spatial autocorrelation statistics. The correlogram for JV1 showed the strongest spatial genetic structure. The correlogram for JV2, however, showed no significant genetic structure (Figure 4) . Positive autocorrelation over short distances indicates vegetative reproduction or family clusters. Since vegetative reproduction has not been observed in this stand (Yamamoto, 1992) , the autocorrelation at short distances, found especially in JV1, probably reflects family structures due to the limited seed dispersal. The clumped spatial distribution of C. japonica individuals of JV1 also supports this hypothesis.
The highest level of spatial clumping was observed in JV2, where there was no significant genetic structure. As discussed earlier, JV2 individuals may be concentrated in favourable microsites. Consequently, overlapping seed shadows may result in overlapping of family structures, accompanied by a high density of individuals in favourable sites. In some studies (Hamrick et al, 1993) , weak Heredity genetic structure of forest tree species has been ascribed to overlapping seed shadows. The same reasoning may be applied here to the genetic structure found in class JV2.
As individuals grow up, self-thinning occurs and any clumped pattern will disappear. At the same time, spatial genetic structure will be reduced, as is often the case with forest tree species (Hamrick et al, 1993; Aldrich et al, 1998) . The present study, however, showed complex results. Spatial genetic structure was the weakest in JV2, and genetic structure in space emerged again in ADL. The reason is unclear, although, one possible mechanism can be suggested. Since we can expect generation overlap within ADL, parent-offspring co-occurrence may be detected in this size-class. Seed dispersal is likely to be limited for this species so that spatial genetic structure due to the parent-offspring co-occurrence might be detected. This hypothesis requires further examination. Parentage analysis with more microsatellites will confirm the hypothesis, though preliminary parentage survey using the same four markers used in this study failed to determine parentage unambiguously.
Existence of gap may be a key to the demographic dynamics observed in the interaction between spatial pattern and spatial genetic structure through life stages in C. japonica in an old-growth forest. Future studies relating genetic structure and gap dynamics may be fruitful for a clearer understanding of C. japonica population dynamics.
